Once considered merely as a vehicle for spermatozoa, it is now clear that seminal plasma (SP) induces a variety of biological actions on the female reproductive tissues able to modulate the immune response against paternal antigens. To our knowledge, the influence of SP on the immune response against sexually transmitted pathogens has not been yet evaluated. We here analyzed whether the seminal vesicle fluid (SVF), which contributes almost 60% of the SP volume in mice, could modulate the immune response against herpes simplex virus type 2 (HSV-2). We found that SVF does not modify the course of primary infection, but markedly improved protection conferred by vaginal vaccination with inactivated HSV-2 against a lethal challenge. This protective effect was shown to be associated to a robust memory immune response mediated by CD4 þ and CD8 þ T cells in both the lymph nodes draining the vagina and the vaginal mucosa, the site of viral replication. In contrast with the widespread notion that SP acts as an immunosuppressive agent, our results suggest that SVF might improve the female immune response against sexually transmitted pathogens.
INTRODUCTION
Seminal plasma (SP) is a complex fluid. Although it has long been considered merely as a carrier for spermatozoa and the main vector for sexually transmitted infectious diseases, it is now known that SP exerts two major immunomodulatory effects on the female reproductive tract: an acute inflammatory reaction mediated by innate immune cells and a tolerogenic immune response against paternal antigens via the induction of CD4 þ CD25 þ FOXP3 þ regulatory T cells (Tregs). [1] [2] [3] [4] The properties of SP are quite different from other body fluids. It contains a large variety of components including carbohydrates, lipids, and proteins produced by the testis, the epididymis, and the accessory glands. 5 Protein concentration in the SP is 35 to 55 g l À 1 and more than 900 proteins have been identified by proteomic analysis. 6 Some of the unique properties of SP are associated with the presence of high concentrations of immunomodulatory agents. The concentration of transforming growth factor (TGF)-b is unusually high (range 60-240 ng ml À 1 ), about fivefold higher than the concentration found in the serum. 7 Interestingly, unlike serum TGF-b, which is present in the latent form, 25% of semen TGF-b exists in the active form. 8 Prostaglandins of the E series, including PGE1, PGE2, and their 19-OH derivatives are found in SP at concentrations exceeding 700 mg ml À 1 (ref. 9 ). This concentration is about 100,000-fold higher than that found in the serum. Moreover, high levels (50-1,000 pg ml À 1 ) of other cytokines, including stromal cell-derived factor-1a, monocyte chemoattractant protein-1, RANTES (regulated on activation, normal T cell expressed and secreted), macrophage inflammatory protein-1b, interferon (IFN)-a, granulocyte colonystimulating factor, interleukin (IL)-1b, IL-5, IL-6, IL-8, IL-13, and IL-17A have been found in normal human SP. 6, 7 This unique cytokine signature might enable SP to modulate the immune response in the female reproductive tract.
Deposition of semen in the receptive mucosa triggers two major and contrasting effects: inflammation and immune tolerance. [1] [2] [3] [4] The link between both responses, if any, remains unknown. Acting on epithelial cells, SP stimulates the production of monocyte chemoattractant protein-1, granulocyte-colony-stimulating factor, IL-6, IL-8, the expression of cyclooxygenase-2, and the secretion of CCL20, resulting in the recruitment of professional antigen-presenting cells. Consistent with these findings, serial analysis of human cervical samples performed by Robertson's lab has shown that semen deposition induces the infiltration of the cervix by neutrophils, monocytes, and dendritic cells (DCs). 4 Of note, this inflammatory response is mainly mediated by TGF-b, a cytokine traditionally known for its immunosuppressive function. 8 On the other hand, SP has a well-recognized ability to induce maternal immune tolerance to paternal antigens by stimulating the differentiation and expansion of Tregs, preventing an adverse immune response directed to the spermatozoa or the embryo (a semi-allograft). This tolerogenic effect is induced even in the absence of conception, suggesting a major role for SP in eliciting this response. 11 The mechanism involved has not been yet clarified; however, we have recently reported that SP promotes the differentiation of DCs into a tolerogenic profile, thus suggesting a possible explanation for the ability of SP to promote the development of Tregs. 12 Moreover, we also showed that a protein found at high concentrations in the SP, clusterin, promotes the expansion of Tregs by DCs. 13 A very important question that remains to be answered is whether deposition of SP in the female reproductive tract might also be capable of suppressing the adaptive immune response against pathogens in a similar way to the immune response against paternal antigens. As semen is the main vector for sexually transmitted infectious diseases that annually causes millions of deaths in the world, 14 it is striking that the ability of semen to modulate the course of the anti-microbial immune response has not been analyzed. Previous studies directed to analyze the impact of seminal fluid on herpes simplex virus type 2 (HSV-2) infection have focused on its effect on both, HSV-2 infectivity and the effectiveness of anti-HSV-2 microbicides. They showed that SP modified neither in vitro HSV-2 infectivity nor the course of primary infection in mice. 15, 16 Moreover, these studies demonstrated that SP markedly reduces the effectiveness of topical polyanionic microbicides. 15 In the present study, we used a well-characterized mouse model of genital HSV-2 infection by intravaginal route (IVAG) as a tool to analyze whether seminal vesicle fluid (SVF), which represents the major constituent of SP in rodents, might act to modulate the immune response against HSV-2. We found that SVF markedly improved the protective effect induced by IVAG vaccination with inactivated HSV-2, by boosting a T cell memory response.
RESULTS

SVF does not modulate the course of primary infection with HSV-2
In a first set of experiments we analyzed whether SVF could modulate the ability of HSV-2 to infect epithelial cells in vitro.
In these experiments, Vero cell monolayers were infected with HSV-2 in the absence or presence of different concentrations of SVF and viral production was evaluated after 48 h of culture by measuring plaque forming units (pfu). Results in Figure 1a show that SVF did not modify HSV-2 infectivity. Then, we evaluated whether SVF was able to modulate in vivo the course of primary infection with HSV-2. We used a well-characterized mouse model of genital HSV-2 infection via a natural route. In this model, viral replication is initially limited to the vaginal mucosa, followed by dissemination via retrograde transport to the central nervous system, resulting in paralysis and death. 17, 18 Groups of 15 medroxyprogesterone (Mp)-pretreated mice were IVAG challenged with HSV-2 (1 Â 10 5 pfu per 15 ml), without or with SVF, at a final SVF protein concentration of 5 mg ml À 1 , similar to that deposited in the vaginal tract after natural coitus. 19, 20 Mice were examined daily for their clinical score (Figure 1b) , weight ( Figure 1c ) and survival ( Figure 1d) . Because of the known immunosuppressive properties of semen, we hypothesized that SVF might aggravate the course of disease. However, results in Figure 1b -d show that neither disease development nor the survival rates of infected mice were affected by the presence of SVF in the infectious inoculum. Similar results were observed when groups of 10 Mp-pretreated mice were IVAG challenged with a higher dose of HSV-2 (2 Â 10 6 pfu per 15 ml) (Supplementary Figure 1 online). We conclude that SVF does not modify the course of primary infection by HSV-2.
SVF improves the efficacy of vaginal vaccination with inactivated HSV-2
We then analyzed whether SVF might compromise the induction of a protective memory response induced by HSV-2 vaccination. In the course of preliminary experiments, we unexpectedly found that SVF did not compromise, but rather it improved the protective effect induced by IVAG vaccination. Taking these observations into account, we decided to analyze the modulatory effect of SVF using a low inoculum of inactivated HSV-2 (1 Â 104 superindex pfu per 15 ml) as a vaccine immunogen, which was unable per se to induce any protection (data not shown). Groups of 10 Mppretreated mice were vaccinated IVAG with inactivated HSV-2, without (Im) or with SVF (Im þ SVF), at a final SVF protein concentration of 5 mg ml Figure 2d) . We found that SVF markedly improved protection induced by IVAG vaccination. In fact, 70% of the mice vaccinated with virus alone developed severe signs of disease and died within 20 days after challenge, whereas only 20% of mice vaccinated with HSV-2 plus SVF showed a severe disease and died within the same period. As expected, inoculation of mice with PBS-BSA or SVF (control groups) did not result in the induction of a protective response (Figure 2b-d) . For this reason and attending to animal care, the following experiments were performed comparing mice vaccinated with inactivated HSV-2 alone and mice vaccinated with HSV-2 plus SVF, without including control mice inoculated only with PBS-BSA or SVF.
SVF improves T-cell memory response in DLNs of vaccinated mice
To understand the adjuvant effect exerted by SVF on IVAG vaccination against HSV-2, we analyzed memory T-cell responses in the iliac lymph nodes, the lymph nodes draining the genital mucosa (DLN). Groups of 10 Mp-pretreated mice were vaccinated IVAG with inactivated HSV-2 (1 Â 10 4 pfu per 15 ml), without (Im), or with SVF (Im þ SVF), at a final SVF protein concentration of 5 mg ml . Thirty days later, mice were treated again with Mp, challenged IVAG with HSV-2 (2 Â 10 6 pfu per 15 ml), and DLN were obtained 3 days after challenge. Unvaccinated/unchallenged Mp-treated mice were used as controls (c). We found that mice vaccinated IVAG with inactivated HSV-2 plus SVF showed the following: (a) an increased cellularity in DLN ( Figure 3a) ; (b) a similar frequency of CD4 þ and CD8 þ T cells, but a higher absolute number of CD4 þ and CD8 þ T cells in DLN ( Figure 3b) ; and (c) a higher proliferative response and production of IFN-g by both CD4 þ and CD8 þ T cells, after in vitro stimulation with inactivated HSV-2 (Figure 3c and d) . Considering that UV-inactivated HSV-2 is a crude source of antigens that include PAMPs we also stimulated cells with another UV-inactivated virus (Vaccinia virus) used as a control. Moreover, in order to be sure that SVF actually improved the specific T-cell-mediated memory response against HSV antigens, we stimulated T cells using a pool of HSV-2 antigenic peptides able to be recognized by CD4 þ or CD8 þ T cells. Figure 3e shows a higher number of CD4 þ and CD8 þ IFN-g-producing T cells in mice vaccinated IVAG with inactivated HSV-2 plus SVF after in vitro stimulation with HSV-2 antigenic peptides or UV-inactivated HSV-2. On the other hand, and contrasting with the enhanced production of IFN-g, we found that the production of IL-10 or TGF-b, as well as the frequency of Treg, evaluated after in vitro stimulation of T cells with inactivated HSV-2, did not differ between T cells isolated from mice vaccinated with HSV-2 with or without SVF (Figure 3f-h) . Finally, and because the important role that the chemokines CXCL9 and CXCL10 have in the induction of TH1 immunity 21, 22 and the activation of memory T CD8 þ cells in lymph nodes, 23 we analyzed the production of these chemokines by quantitative PCR. Figure 3i shows that vaccination in the presence of SVF markedly increased the expression of CXCL9 mRNA without modifying CXCL10 mRNA levels.
All the experiments described in Figure 3 were performed in mice first vaccinated with inactivated HSV-2 with or without SVF, and then challenged with HSV-2 30 days later. To further analyze the influence exerted by SVF on the T-cell memory response induced by vaccination, we also analyzed memory T cells at 28 days after vaccination in unchallenged mice ( Figure 4a ). Groups of 10 Mp-pretreated mice were vaccinated IVAG with inactivated HSV-2 (1 Â 10 4 pfu per 15 ml), without or with SVF, at a final SVF protein concentration of 5 mg ml
. Twenty eight days later, DLNs were obtained and cells were immediately analyzed by flow cytometry. We found that mice vaccinated IVAG with inactivated HSV-2 plus SVF showed a higher frequency and absolute number of memory/effector-like T cells (CD44 high CD62L low ) and central memory T cells (CD44 high CD62L high ) in both CD4 þ and CD8 þ T-cell compartments, 24 compared with mice vaccinated without SVF (Figure 4b and c). These changes were shown to be associated with an increased production of IFN-g by CD4 þ and CD8 þ T cells from mice vaccinated with SVF (assessed by flow cytometry), after stimulation with HSV-2 antigenic peptides and inactivated HSV-2, but not with inactivated vaccinia virus (Figure 4d and e). Consistent with this observation, we found higher levels of IFN-g, as well as tumor necrosis factor (TNF)-a (assessed by enzyme-linked immunosorbent assay), in the supernatants of T cells from mice vaccinated in the presence of SVF, after stimulation with inactivated HSV-2 ( Figure 4f and g). We conclude that the presence of SVF at the time of IVAG vaccination orchestrates a robust memory immune response mediated by T cells at the lymph nodes draining the vagina.
SVF boosts the T-cell memory response at the infection site in vaccinated mice
We next analyzed the immune response at the site of viral replication, the vaginal mucosa. Mice were vaccinated and challenged as described above, and the local immune response was studied. Figure 5a shows that the levels of IgA and IgG antibodies directed to HSV-2 in vaginal washes did not differ between mice vaccinated with or without SVF. Similar findings were observed when serum IgG antibodies were studied ( Figure 5b ). The analysis of the frequency of CD4 þ and CD8 þ T cells in the vaginal mucosa revealed an increased infiltration of CD8 þ T cells in mice vaccinated in the presence of SVF (Figure 5c ). Moreover, both CD4 þ and CD8 þ T cells from vaginal mucosa showed an increased production of IFN-g after in vitro stimulation with inactivated HSV-2 ( Figure 5d ). In fact, no production of IFN-g was observed in vaginal cell suspensions outside the gate of CD3 þ cells (data not shown), indicating that T cells are the most important source of IFN-g. No differences were observed when the presence of Tregs (Figure 5e ) or the production of TGF-b (Figure 5f ) were evaluated. The local increase in CD8 þ T-cell infiltration in mice vaccinated with HSV-2 plus SVF was shown to be associated with increased levels of IFN-g and IL-6 in vaginal washes (Figure 5g ), an increased production of IFN-g, TNF-a, IL-6, and IL-17A by vaginal cells stimulated in vitro with inactivated HSV-2, and a decreased production of IL-10 ( Figure 5h) . We conclude that the presence of SVF at the time of IVAG vaccination stimulates the infiltration of vaginal mucosa by CD8 þ T cells and the production of cytokines classically associated with the induction of a TH1 (IFN-g and TNF-a) and TH17 profiles (IL-17A), as well as the activation of macrophages into a pro-inflammatory profile (high IL-6 and low IL-10). Figure 6d ). We found that T cells isolated from mice vaccinated IVAG in the presence of SVF provided a much higher protection compared with T cells from mice vaccinated IVAG with virus alone. In fact, 70% of mice transferred with T cells form mice vaccinated with virus alone developed severe signs of disease and died within 20 days after challenge. Similar results were observed using T cells from mice inoculated with PBS-BSA or SVF alone (controls). By contrast, only 10% of mice transferred with T cells isolated form mice vaccinated with HSV-2 plus SVF showed a severe disease and died within the same period. We conclude that T cells are responsible for the enhanced protection observed in mice vaccinated with inactivated HSV-2 in the presence of SVF.
Vaccination in the presence of SVF boosts an early local inflammatory response It has been shown that semen deposition in the female reproductive mucosa results in the induction of a local inflammatory response, which includes the recruitment of innate immune cells such as macrophages and DCs. 4 We hypothesize that this inflammatory response might provide the adequate environment to promote the development of TH1 immunity and hence we analyzed whether SVF might increase the production of inflammatory cytokines in the context of IVAG vaccination with HSV-2. Groups of five Mp-pretreated mice were vaccinated IVAG using inactivated HSV-2 (1 Â 10 4 pfu per 15 ml), without or with SVF, at a final SVF protein concentration of 5 mg ml À 1 , and 48 h later, vaginal tissues and DLN were recovered. Figure 7a shows that vaginal cell suspensions from mice vaccinated with inactivated HSV-2 plus SVF produced higher levels of IFN-g, TNF-a, and IL-6, compared with cells obtained from mice vaccinated with inactivated HSV-2 alone. These findings were shown to be associated with a higher frequency of natural killer cells (Figure 7b) . Consistent with these observations made in vaginal tissues, the analysis of DLN cells revealed an increased production of IFN-g, TNF-a, and IL-6 in mice vaccinated with inactivated HSV-2 plus SVF (Figure 7c ). Having shown that SVF promotes the early production of inflammatory cytokines in vaginal tissues and DLN from vaccinated mice, and considering that inflammation is able to induce not only the recruitment but also the phenotypic maturation of DCs, 25 we next evaluated both the frequency and phenotype of DCs in vagina and DLN. Vaginal cell suspensions from mice inoculated IVAG with SVF, inactivated HSV-2, or SVF plus inactivated HSV-2 showed a frequency of DCs similar than control mice (data not shown). However, inoculation with either SVF or inactivated HSV-2 alone significantly increased the expression of CD86 by DCs. A further increase in the expression of CD86, indicating a more mature phenotype, was observed in DCs from mice inoculated with inactivated HSV-2 plus SVF (Figure 7d) . On the other hand, the analysis of DCs in DLN revealed a marked increase in the frequency and the total number of DCs in mice vaccinated with HSV-2 plus SVF ( Figure 7e) . We conclude that SVF plus inactivated HSV-2 trigger an early inflammatory process favoring the recruitment of DCs in DLN and their phenotypic maturation, thus promoting the induction of a protective immune response mediated by both TH1 and CD8 þ T cells.
DISCUSSION
In this study, we used a well-characterized mouse model of genital HSV-2 infection as a tool to evaluate whether SVF modulate the immune response against HSV-2. We found that SVF markedly improved protection induced by vaginal vaccination against a lethal challenge with HSV-2. Notably, the addition of SVF to a vaccine composed of UV-inactivated HSV-2 increases the survival of mice challenged IVAG with HSV-2 from 30% to 80%. These results suggest that the adjuvant effect induced by SVF is related to the improvement of the memory response induced by vaccination. Our findings challenge the assumption that SP suppresses the immune response irrespectively of the triggering stimulus, and open the question about the mechanisms through which SP might induce two apparently contrasting effects upon deposition in the female genital tract; a tolerogenic response against paternal antigens via the induction of Tregs, 1, 3, 11 and an improved memory T-cell response able to protect the host against sexually transmitted infectious diseases.
By inducing tolerance to paternal alloantigens, Tregs have shown to have a critical role in pregnancy. 26 Increased numbers of Tregs are found in pregnant mice and humans. 27 Depletion of Tregs induces resorption of the embryos in allogeneic matings in mice, 26, 28 whereas women with repeated spontaneous abortion show a decreased numbers of Tregs. 29 Semen mediates the expansion of Tregs in DLN of the genital tract and their subsequent recruitment to the uterine endometrium. 1, 13 This tolerogenic response is induced even in the absence of conception, suggesting a major role for SP in eliciting this effect. 11 Moreover, it was shown to be completely dependent on the presence of SVF, as mating with seminal vesicle-deficient males failed to induce the expansion of Tregs. 11 It is generally assumed that Tregs not only suppress autoimmunity, but also control the course of pathogen-specific immunity in order to minimize associated tissue damage. 30 However, the role of Tregs during the course of infectious processes remains unclear. Interestingly, using a mouse model of genital HSV-2 infection, Lund et al. 31 have clearly shown that Tregs do not compromise the immune response against HSV-2, but rather they markedly improve the protective immune response to the infectious challenge by promoting the recruitment of immune cells into infected tissue. This observation suggests a possible link between the ability of SP to promote the local expansion of Tregs and our present results showing that SVF improves protection conferred by vaccination. The fact that we did not observe any increase in the frequency of Tregs at DLN at 30 days post vaccination with HSV-2 plus SVF perhaps reflects the transient nature of this response, as it was observed as early as 3.5 days after mating, and after this time Tregs appear to be recruited to the uterine endometrium. A large body of evidence indicates that the protective immune response against genital infection by HSV-2 is strongly dependent on the induction of a memory TH1 response and the recruitment of viral-specific memory CD4 þ and CD8 þ T cells into the genital tract.
17,21,32-34 However, effective protection against HSV-2 infection as well as the induction of a protective immune response conferred by vaccination appears also to involve an important role for antibodies. [35] [36] [37] [38] These observations imply that the relative contribution of T and B cells in the immune response against HSV-2 might differ depending on the experimental settings. Our present results suggest that the adjuvant effect mediated by SVF is related to the improvement of a memory response mediated by T cells, but not B cells. In fact, we found no differences in the levels of vaginal and seric IgA and IgG antibodies between mice vaccinated with or without SVF.
We analyzed the T-cell response induced by IVAG vaccination by studying both, DLN and the vaginal mucosa. The analysis of DLN in mice vaccinated with inactivated HSV-2 plus SVF and then challenged with HSV-2 revealed a higher absolute number of CD4 þ and CD8 þ T cells and a higher response of both T cell subsets in terms of cell proliferation and IFN-g production, when compared with mice vaccinated with inactivated HSV-2 alone. Similar observations were made by analyzing the site of viral replication, the vaginal mucosa. An increased presence of IFN-g and IL-6 in vaginal washes, an enhanced production of IFN-g, TNF-a, IL-6, and IL-17A by whole vaginal cells, and a more pronounced infiltration of CD8 þ T cells was observed in mice vaccinated with inactivated HSV-2 plus SVF compared with those vaccinated with inactivated HSV-2 alone. Consistent with these findings, we found a higher frequency of central memory T cells (CD44 high CD62L high ) and effector memory-like T cells (CD44 high CD62L low ) in DLN from mice vaccinated with 
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MucosalImmunology | VOLUME 11 NUMBER 2 | MARCH 2018 inactivated HSV-2 plus SVF, at 28 days after vaccination, before challenging. Of note, the adoptive transfer of splenic T cells from mice vaccinated with inactivated HSV-2 plus SVF to naive mice provided a much higher protection compared with T cells isolated from mice vaccinated with inactivated virus alone, further supporting that the enhanced protection conferred by SVF is mediated by the induction of a memory response mediated by T cells.
How SVF boosts the induction of a memory T-cell response remains unclear. We hypothesize that the ability of semen to induce an early inflammatory response in the female genital tract provides the adequate environment for the priming of a protective immune response. Robertson and colleagues 39 have shown that acting on epithelial cells, SP induces the activation of an acute inflammatory response in the cervix, resulting in the production of monocyte chemoattractant protein-1, granulocyte-macrophage colony-stimulating factor, IL-6, and IL-8. Consistent with these observations made in mouse models, serial analysis of human cervical samples revealed that semen deposition induces a similar inflammatory response, consisting in the infiltration of the cervix by macrophages, DCs, and memory T cells, together with an increased production of inflammatory cytokines, such as IL-1a, IL-6, IL-8, and colony stimulating factor 2. 4, 8 The role of this postcoital inflammatory response is not clear; however, it is thought to have a role in promoting fertility. 1 We analyzed whether SVF promoted an acute inflammatory response when administered together with the vaccine (inactivated HSV-2), by analyzing the production of cytokines by vaginal cell suspensions and DLN cells at early time points, i.e., at 48 h post immunization. We found that immunization with inactivated HSV-2 plus SVF resulted in the production of higher levels of IFN-g, TNF-a, and IL-6, compared with mice immunized with inactivated-HSV-2 alone. Interestingly, this response was shown to be associated with an increase recruitment of natural killer cells in the vaginal mucosa, an enhanced expression of CD86 by vaginal DCs and a marked increase in the frequency of DCs in DLN. As the recognized ability of IFN-g to promote the differentiation of CD4 þ T cells into a TH1 profile 40 and the development of a memory response mediated by CD8 þ T cells, 41 we speculate that through the stimulation of IFN-g production and the recruitment of fully mature DCs in DLN, SVF might promote both, the differentiation of CD4 þ T cells into a TH1 profile and the expansion of memory CD8 þ T cells, two processes that represent the basis for the protective immune response against HSV-2 infection.
A weakness of our study is that we did not analyze whether mating, instead of administration of SVF, improves protection conferred by vaginal vaccination. However, it is not possible to administrate the vaccine at the time of mating. An alternative approach might involve the administration of the vaccine before mating. However, the amount of virus remains inside the vagina in mated and unmated mice could be different. Another reason why it is not possible to investigate immunomodulatory effects in naturally mated females is that they will not mate when the hormone status is modified by Mp administration, which is necessary to ensure viral infectivity. 42 Moreover, the possibility that the administration of Mp might affect female tract responsiveness to seminal fluid immune regulatory compounds should not be ruled out. Finally, it should be considered that our experiments were performed with SVF and not with whole seminal fluid. Although SVF is the . Thirty days later, mice for all four groups were killed and spleens were recovered. CD4 þ and CD8 þ T cells were purified and five million of total T cells (CD4:CD8 T cell ratio of 3:2) were transferred to Mp-pretreated mice by retro orbital inoculation. Mice were challenged with HSV-2 (2 Â 10 6 pfu per 15 ml) 18 h later, as indicated in (a), and were examined daily for their clinical score (b), weight (at day 7 post challenging) (c), and survival (d). Results are expressed as the mean ± s.e.m. of the clinical score (b), weight (c), or as the survival (d) of 10 mice per each group. Data from a representative experiment (n ¼ 2) are shown (*Po0.05 and **Po0.01).
major component of rodent seminal fluid, whole SP contains sperm, and secretions from the epididymis and other male accessory sex glands. It is unlikely, but cannot be excluded, that additional factors in whole intact SP could attenuate the immune regulatory function of SVF described in this study.
The mechanisms underlying the adjuvant effect of SVF remain to be characterized. SVF contains a diverse array of components, including lipids, carbohydrates, peptides, proteins, cytokines, and chemokines, [5] [6] [7] [8] [9] able to mediate a variety of effects on both HSV-2 infectivity and the immune response against HSV-2. In agreement with previous observations performed with SP, 15 we found that SVF does not modify the course of HSV-2 primary infection in mice. On the other hand, contrasting with our observations indicating that mouse SVF does not affect in vitro HSV-2 infectivity, Torres et al. 43 have reported that human SP enhances in vitro HSV-2 infectivity, suggesting that secretions from the epididymis and other male accessory sex glands might be responsible for this enhancing effect.
In this study we show for the first time that SVF boosts a memory T-cell response induced by vaccination against a sexual transmitted pathogen, markedly improving protection against a lethal challenge. Our observations suggest that the adjuvant effect mediated by SVF might be related to its ability to induce an early inflammatory response in the female genital tract providing an adequate environment for the priming of a protective immune response mediated by both TH1 and CD8 þ T cells. Based on the observations made by Robertson and colleagues, 8 suggesting that TGF-b promotes an acute inflammatory response in the receptive mucosa, we are currently analyzing the possible role of TGF-b as an adjuvant at the female genital tract. Our results raise a number of questions. For example, would a similar protective effect be induced for other sexually transmitted pathogens? Would similar mechanisms be induced in women after unprotected sexual intercourse? Experiments addressing these questions may lead to a better comprehension of the immune response against sexually transmitted infectious diseases providing a more rational basis for the development of mucosal vaccines.
MATERIALS AND METHODS
Mice and viruses. Female BALB/c 8-to 10-wk-old mice were used in all experiments. Mice were acquired from the School of Veterinary Sciences Central Animal House (University of Buenos Aires) and were housed in our animal facilities. Animal care and all experiments were done in compliance with legal and institutional guidelines. These studies were approved by the ethical committee for animal experiments (High Medical School, University of Buenos Aires). HSV-2 G-strain was a gift from Dr C. Pujol (Natural Sciences School, University of Buenos Aires). Vero cells were purchased from the American Type Culture Collection (Manassas, VA) and cultured in DMEM (Thermo Scientific, Waltham, MA) supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 U ml À 1 ), and streptomycin (100 mg ml À 1 ). HSV-2 was propagated and titrated in Vero cells as described previously 44 and the infectious titer was expressed as pfu per ml. For vaccination, the whole virus was inactivated by UV light exposure for 30 min. Vaccinia virus (Western Reserve strain), granted by Dr M. Gherardi, was inactivated by UV light exposure for 30 min and used for in vitro stimulation of T cells (1 Â 10 6 cells per 1 Â 10 5 pfu).
SVF extraction. Donor males were caged in groups (five mice per cage). Seminal vesicle glands were excised from 9-to 11-week-old BALB/c males immediately after sacrifice in sterile conditions. Special care was taken to blunt dissect and exclude the closely associated coagulation gland from seminal vesicle gland excision and fluid preparation. SVF of 10 mice was pooled, diluted in PBS at a final protein concentration of 12 mg ml À 1 , and freshly used for immunizations. When it was necessary, SVF was stored at À 80 1C until use.
Inoculation of SVF, immunizations, and viral challenge. Considering that the mouse ejaculate volume is 2-4 ml 19 and the total protein concentration of mouse SVF is around 21 mg ml À 1 (ref. 20) , the amount of protein deposited into the vaginal tract during natural coitus could be estimated in the range of 42 to 84 mg. To approximate as closely as possible to natural coitus, in our experimental model mice were inoculated IVAG with 15 ml of a solution containing a final SVF protein concentration of 5 mg ml À 1 . This procedure results in the deposition of 75 mg of SVF proteins into the vagina, an amount similar to that observed in the course of natural coitus.
Female mice were injected subcutaneously in the neck ruff with Mp (König, Buenos Aires, Argentina, 2 mg per mouse in 200 ml of PBS). Five days later, mice were inoculated IVAG with a 15 ml volume containing: (a) PBS-BSA (5 mg ml À 1 ), (b) SVF (5 mg ml À 1 ), (c) 10 4 pfu of inactivated HSV-2 in PBS, supplemented with SVF (5 mg ml À 1 ), or (d) 10 4 pfu of inactivated HSV-2 in PBS, supplemented with BSA (5 mg ml À 1 ). Thirty days later, mice were treated again with Mp as described above, and after five days mice were challenged IVAG with 2 Â 10 6 pfu of HSV-2 in 15 ml of PBS. HSV-2-infected mice were examined daily for vaginal inflammation and neurological illness. The severity of disease was scored as follows: 45 0, no sign; 1, slight genital erythema and edema; 2, moderate genital inflammation; 3, purulent genital lesions; 4, hind limb paralysis; and 5, premoribund. Owing to ethical concerns, animals were killed before reaching the moribund state. For primary infection studies, mice were treated with Mp and 5 days later challenged IVAG with a 15 ml volume containing 1 Â 10 5 or 2 Â 10 6 pfu of HSV-2 in 15 ml of PBS, supplemented with SVF or BSA, at a final protein concentration of 5 mg ml À 1 . 46 Briefly, DLN and vaginal tracts were recovered under sterile conditions from mice killed by cervical dislocation. DLN cell suspensions were obtained by disaggregating the tissue through a 40 mm cell strainer (BD Biosciences, San Diego, CA) and then washed three times with PBS supplemented with 5% heat-inactivated fetal bovine serum. The genital tracts of vagina were segregated from urethra and cervix, cut into small pieces, and incubated for 45 min in culture medium supplemented with collagenase IV (0.2 mg ml À 1 ; Thermo Scientific) and DNAse I (25 U ml À 1 ; Sigma-Aldrich, St Louis, MO). Samples were further disaggregated through a 70 mm cell strainer and washed two times with PBS supplemented with 5% heat-inactivated fetal bovine serum. Cell cultures were performed in RPMI 1640 medium (Thermo Scientific), supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U ml À 1 penicillin, 100 mg ml Analysis of TGF-b, CXCL9, and CXCL10 production by quantitative PCR. Total RNA was obtained from 3 Â 10 6 cells lysed with TRIzol (Thermo Scientific). Reverse transcription was carried out using Moloney murine leukemia virus reverse transcriptase (Invitrogen) according to the manufacturer's instructions. In brief, 5 mg of RNA were incubated for 50 min at 37 1C in the presence of 200 ng random decamer primers (Invitrogen) and 10 mM dNTP mix. Quantitative real-time PCR was performed using SYBR Green PCR Master Mix (Invitrogen) in 20 ml reaction. All primers were used at a concentration of 300 nM (except for CXCL10; 50 nM F, 900 nM R). 49 Primers for CXCL9 were 5 0 -TTTTCCTTTTGGGCATCATCTT-3 0 (forward) and ), SVF (5 mg ml À 1 ), inactivated HSV-2 (10 4 pfu per 15 ml), or inactivated HSV-2 (10 4 pfu per 15 ml) plus SVF (5 mg ml À 1 ). After 30 days, spleens were removed and CD4 þ and CD8 þ T cells were purified using magnetic-activated cell separation columns and negative selection (Miltenyi Biotec, Auburn, CA). The selected CD4 þ or CD8 þ T cells (490% purity) were carboxyfluorescein succinimidyl ester labeled and transferred using a CD4/CD8 T-cell ratio of 3:2. A total of five million purified T cells were transferred to each mouse by retro orbital injection in Mp-treated Balb/c-naive recipients. Carboxyfluorescein succinimidyl ester label was analyzed in blood recovered from mice tail tip as an internal control. Eighteen hours after transfer, mice were challenged IVAG with 2 Â 10 6 pfu per 15 ml HSV-2 virus, and survival and disease progression were evaluated.
HSV-2-specific antibody measurements. HSV-2-specific IgG and IgA were measured in vaginal washes and/or serum samples by enzyme-linked immunosorbent assay. Briefly, Greiner 96F microwell plates (Greiner Bio-One Monroe, NC) were coated with 100 ml of the whole inactivated HSV-2 lysate (5 mg ml À 1 ) overnight at 4 1C in 0.05 M carbonate buffer and p 9. H6. The plates were blocked with 2% BSA in PBS for 1 h in 37 1C. Serial dilutions of samples were incubated for 1 h at 37 1C. After washing with 0.05% Tween 20, the plates were incubated for 1 h at 37 1C with goat anti-mouse IgG or goat anti-mouse IgA coupled to horseradish peroxidase (Jackson Immuno Research, West Grove, PA) in PBS supplemented with 1% BSA and revealed using TMB substrate reagent (BD Biosciences). Absorbance was then measured at 450 nm.
Proliferation assay. To evaluate cell proliferation induced by HSV-2, DLN cells were labeled with 1 mM carboxyfluorescein succinimidyl ester (Thermo Scientific), according to the manufacturer's instructions. Cells were cultured in U-bottom 96-well plates (Greiner Bio-One) for 5 days with medium alone or with whole UV-inactivated HSV-2. Then, cells were collected, washed, and stained for 20 min at 4 1C with phycoerythrin-labeled anti-mouse CD3, allophycocyanin-labeled anti-mouse CD4, and PerCP-labeled anti-mouse CD8 (BD Biosciences), and cellular proliferation was assayed by flow cytometry.
Flow cytometry assays. Fluorescein isothiocyanate, PE, PerCP, or APC-conjugated monoclonal antibodies directed to CD3, CD4, CD8, CD11c, DX5, IAd, FOXP3, CD25, CD44, CD62L, and IFN-g were obtained from BD Bioscience. In all cases, isotype-matched control antibodies were used and a gate (R1) was defined in the analysis to exclude nonviable cells and debris, based on size and propidium iodine staining. Analyses were performed by using a fluorescenceactivated cell sorting flow cytometer (FACS CANTO I, BD Biosciences) and the data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Statistics. Student paired t-test was used to determine the significance of differences between groups. Multiple analyses were followed by Bonferroni's multiple-comparison post test. Gehan-Breslow-Wilcoxontest was performed for survival analysis. P-values o0.05 were considered statistically significant.
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
